Abstract. If the dark matter is unstable, the decay of these particles throughout the universe and in the halo of the Milky Way could contribute significantly to the isotropic gamma-ray background (IGRB) as measured by Fermi. In this article, we calculate the high-latitude gamma-ray flux resulting from dark matter decay for a wide range of channels and masses, including all contributions from inverse Compton scattering and accounting for the production and full evolution of cosmological electromagnetic cascades. We also make use of recent multi-wavelength analyses that constrain the astrophysical contributions to the IGRB, enabling us to more strongly restrict the presence any component arising from decaying dark matter. Over a wide range of decay channels and masses (from GeV to EeV and above), we derive stringent lower limits on the dark matter's lifetime, generally in the range of τ ∼ (1 − 5) × 10 28 s.
Introduction
Although dark matter particles must be very long-lived, it is possible that they decay on timescales much longer than the age of the universe. In particular, observations of the cosmic microwave background (CMB) and large scale structure indicate that the dark matter's lifetime is no less than τ X ∼ 2 × 10 19 s, even if its decays products are invisible [1] . If the dark matter decays produce potentially detectable particles, much stronger constraints can be obtained (for a review, see Ref. [2] ). Searches for dark matter decay products in the form of gamma-rays [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , X-rays [14] [15] [16] , neutrinos [7, 17] and cosmic rays [18] have each been carried out. In this study, we revisit these constraints, focusing on searches for dark matter decay products in the spectrum of the isotropic gamma-ray background (IGRB) as measured by the Fermi Collaboration [19] .
If the dark matter is unstable, its decays will produce a number of different contributions to the IGRB. In addition to gamma rays that are directly produced through the decay of such particles, the electron and position decay products will generate an additional population of photons through inverse Compton scattering. Furthermore, over cosmological distances, a significant fraction of high-energy gamma rays scatter with the cosmic infrared, optical and microwave backgrounds, producing e + e − pairs which then go on to generate additional gamma rays as part of an electromagnetic cascade. In this study, we calculate each of these components and derive constraints on their presence among the photons that make up the IGRB.
Our analysis differs from previous work in a number of significant ways. In particular, building on previous studies [4, 20] , the analysis presented here makes use of the results of recent multi-wavelength investigations that have identified the origin of the majority of the isotropic gamma-ray background [21, 22] . This information enables us to more strongly restrict any contribution from decaying dark matter and to place more stringent constraints on the dark matter's lifetime. Additionally, whereas other groups have sometimes adopted a region-of-interest designed to emphasize dark matter decays taking place in the halo of the Milky Way (see, for example, Ref. [3] ), we take as our dataset the entire high-latitude (|b| > 20 • ) gamma-ray sky. This choice is motivated in part by a desire to make our analysis as robust as possible to uncertainties related to diffuse Galactic backgrounds, the Milky Way's dark matter halo profile, and features of Galactic cosmic-ray transport. We present robust limits on the dark matter's lifetime for decays to a wide range of final states (uū, dd, ss, cc, bb, tt, e + e − , µ + µ − , τ + τ − , W + W − , ZZ, hh, hZ, γγ, γZ and γh) and masses (10 GeV to 1 EeV). Our results are complementary and, in many cases, more stringent than those presented in other recent studies [3, 4, 13] and to those derived from other data sets [8, 10, 18, [23] [24] [25] [26] [27] [28] [29] .
The remainder of this article is structured as follows. In Sec. 2, we describe our treatment of the IGRB, including a summary of the multi-wavelength procedure that has been used to constrain its origin. In Sec. 3 we describe our calculation of the gamma-ray spectrum from decaying dark matter, including the contributions from inverse Compton scattering and cosmological electromagnetic cascades. In Sec. 4 we present our main results, placing constraints on the dark matter's lifetime for a wide range of masses and final states. In Sec. 5 we compare our results to those presented in other studies and based on a variety of different observations. Finally, we summarize our results and conclusions in Sec. 6.
The Isotropic Gamma-Ray Background
The Fermi Collaboration has reported their measurement of an isotropic gamma-ray background (IGRB) at energies ranging from 100 MeV to 820 GeV [19, 30] . Although previously detected by SAS-2 [31] and EGRET [32] , Fermi's measurement of the IGRB has provided a more detailed description of its characteristics and led to a more complete understanding of its origin.
It has long been speculated that the majority of the IGRB is produced by a large number of unresolved sources, such as active galactic nuclei (AGN) [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] and star-forming galaxies [43] [44] [45] [46] . In addition to such astrophysical objects, it was appreciated that the annihilations or decays of dark matter particles could also contribute to this observed emission [47] [48] [49] [50] . Through an extensive campaign of multi-wavelength observations, the origin of most of the IGRB has been identified. In particular, Fermi's detection of gamma-ray emission from both non-blazar AGN [51] and star-forming galaxies [52] , combined with the observed correlations of the emission at gamma-ray and radio/infrared wavelengths, has revealed that these source classes each contribute significantly to the IGRB. More recent studies have shown that the combination of these source classes dominates the observed IGRB [21, 22] . In contrast, a smaller fraction of this emission originates from blazars [53] [54] [55] [56] [57] , 1 along with contributions from other source classes, such as merging galaxy clusters [58] [59] [60] . Truly diffuse processes, such as cascades generated in the propagation of ultra-high energy cosmic rays [61, 62] or cosmic-ray interactions with circum-galactic gas [63] are also thought to contribute at a modest level.
In the left frame of Fig. 1 , we plot the contributions to the IGRB from several classes of astrophysics sources. At the lowest energies, this spectrum is dominated by emission from unresolved star-forming galaxies [22] , whereas non-blazar AGN produce the bulk of this emission above ∼10 GeV [21] . 2 We also show the contributions from BL Lac and flat-spectrum The isotropic gamma-ray background (IGRB) as measured by Fermi [19] (error bars and surrounding blue band), compared to the contributions from star-forming galaxies, non-blazar active galactic nuclei, flat-spectrum radio quasars, BL Lacs, and ultra-high energy cosmicray propagation. Right Frame: When these contributions are combined, we find that they collectively predict a spectral shape and overall normalization that is approximately consistent with that of the observed IGRB, leaving relatively little room for any exotic component, such as that from decaying dark matter. See text for details. radio quasar (FSRQ) blazars, as calculated in Ref. [20] (see also Refs. [64] [65] [66] ), as well as the contribution from electromagnetic cascades generated through ultra-high energy cosmicray propagation [61] . When these contributions and their uncertainties are combined, we arrive at the total flux shown in the right frame of this figure. This total predicted flux is in good overall agreement with the IGRB as measured by the Fermi Collaboration [19] . The error bars shown denote the statistical uncertainties associated with this measurement, while the blue band represents the systematic errors associated with the modeling of the Galactic diffuse emission, the cosmic-ray background subtraction, and Fermi's effective area [67] . Although these systematic errors are expected to be correlated from bin-to-bin, the Fermi Collaboration has not quantified this correlation. With this ambiguity in mind, we have calculated the χ 2 of the data compared to the prediction shown in the right frame of Fig. 1 treating the systematic errors in two different ways. First, treating the systematics as entirely uncorrelated and combining the statistical and systematic errors in quadrature, we arrive at χ 2 = 24.5 (over 26 degrees-of-freedom). If we instead treat the systematic error band as fully correlated, moving the measured spectrum collectively upward or downward as a single degree-of-freedom, we find an overall fit of χ 2 = 9.4. As this later value is much smaller than the number of degrees-of-freedom in the fit, we conclude that these errors are almost certainly not correlated in this simplistic way. Throughout this study, we will present our results as derived under each of these sets of assumptions (uncorrelated, or fully correlated). That being said, we encourage the reader to treat the constraints derived with uncorrelated systematics as our main results.
Gamma Rays From Dark Matter Decay

The Galactic Contribution
The high-latitude gamma-ray sky receives contributions from several different processes associated with the decay of dark matter particles. First, dark matter particles decaying in the halo of the Milky Way generate a prompt flux of gamma rays that is given by:
Here Ω is the direction observed, τ X is the dark matter's lifetime, m X is the dark matter's mass, and the integral is performed over the observed line-of-sight. The function (dN γ /dE γ ) is the spectrum of gamma rays produced per decay, which we calculate for a given mass and decay channel using PYTHIA [68] , as implemented in micrOMEGAs 5.0.4 [69] . For the distribution of dark matter in the Milky Way, we adopt a standard Navarro-Frenk-White (NFW) profile [70, 71] :
where r is the distance from the Galactic Center. We adopt a scale radius of r s = 20 kpc and set ρ 0 such that the local density (at r = 8.25 kpc) is 0.4 GeV/cm 3 . We also assume that the dark matter density is restored to its cosmological average beyond a virial radius of 300 kpc. Although the prompt emission from dark matter decay in the halo of the Milky Way is a function of Ω and thus not strictly isotropic, the line-of-sight integral in Eq. 3.1 departs by less than 10% from the average value within the range of angles that contribute to Fermi's measurement of the IGRB (|b| > 20 • ). A component of gamma-ray emission with such a small degree of variation across the high-latitude sky would be morphologically indistinguishable from the overall IGRB. In addition to the prompt gamma-ray emission, dark matter decays can produce energetic electrons, 3 which generate gamma rays through inverse Compton scattering (ICS). An electron of energy, E e , generates the following spectrum of inverse Compton emission:
where dn/d is the spectrum of the target radiation and the differential cross section for inverse Compton scattering is given by [72] :
where z ≡ E γ /E e , β ≡ 4 E e /m 2 e and σ T is the Thomson cross section. For each electron that is injected into the halo through the decay of a dark matter particle, we calculate the total spectrum of inverse Compton emission that is produced. We then use a variation of Eq. 3.1, in which the prompt gamma-ray spectrum per decay is replaced by the spectrum of inverse Compton emission per decay. To determine the injected spectrum of electrons, we again utilize micrOMEGAs [69] . Our calculation furthermore takes into account the fact that a fraction of each electron's energy will be lost through its interactions with the Galactic magnetic field. For a randomly oriented magnetic field of uniform strength, the synchrotron energy loss rate is given by:
3 Throughout this paper, we refer to both electrons and positrons simply as electrons.
where ρ B = B 2 /8π is the energy density of the magnetic field. Approximating the spectrum of target radiation as a sum of greybody contributions of temperature, T i , the energy loss rate from inverse Compton scattering can be written as follows [73] :
where γ = E e /m e , ρ i,rad is the energy density in the ith component of radiation, and
In addition to the cosmic microwave background, we use the model described in Refs. [74] [75] [76] to characterize the spectral and spatial distribution of starlight and infrared radiation in the halo of the Milky Way. We further assume that the magnetic field energy density roughly traces the density of radiation,
While undergoing inverse Compton and synchrotron processes, cosmic-ray electrons also undergo spatial diffusion, and thus move throughout the halo. In principle, this could lead to an angular distribution of inverse Compton emission that is distinct from that of the prompt component. From Eqns. 3.5 and 3.6 it follows that an electron will lose an order one fraction of its energy over a timescale given by t loss
Adopting a value of the diffusion constant consistent with local cosmic-ray measurements, D(E e ) 4 × 10 28 cm 2 /s ×(E e /GeV) 0.3 [77] [78] [79] , this yields an expected diffusion length of
Given that the dark matter density varies only slightly on such length scales, we conclude that we can safely neglect the effects of diffusion in our calculations.
The Cosmological Contribution
Dark matter decays that take place beyond the boundaries of the Milky Way also contribute to the IRGB. Over cosmological distances, however, gamma rays are much more likely to be attenuated via pair production, thereby initiating electromagnetic cascades. Neglecting attenuation for the moment, the spectrum of gamma rays per area per time per solid angle from decaying dark matter is given by:
where
is the expansion rate of the universe in terms of the cosmological parameters Ω M = 0.31, Ω Λ = 0.69 and H 0 = 67.7 km/s [80] . The average dark matter density evolves as ρ X (z) = ρ 0 (1 + z) 3 , where ρ 0 is the current cosmologically averaged density. The quantity dN γ /dE is the gamma-ray spectrum produced per decay, after accounting for the effects of cosmological redshift. High-energy gamma rays are significantly attenuated through their scattering with infrared, optical and microwave radiation fields [7, [81] [82] [83] [84] . The inverse mean free path of these interactions is given by:
where σ γγ is the total pair-production cross section and dn( , z)/d is the differential number density of target photons at redshift, z. The cross section for pair-production is well approximated by the following expression [85] :
where s = E γ /m 2 e . The spectrum of electrons generated from these interactions is given by [85] :
where dN γ /dE γ is the injected spectrum of gamma rays and dσ γγ /dE e is the differential pair-production cross section, given by:
In order to calculate the total spectrum of the resulting electromagnetic cascade, we repeat the above procedure iteratively, evolving each electron until its energy falls below 0.1 GeV.
In our calculations, we include both the cosmic microwave background and the infrared and optical background model of Ref. [86] . For a publicly available version of the code used to perform these calculations, we direct the reader to Ref. [87] .
Results
Following the approach described in the previous section, we have calculated the total gammaray spectrum from dark matter decay taking place in the Galaxy and throughout the universe, including the effects of pair production and inverse Compton scattering. In Figs. 2-10, we show these results for a variety of dark matter decay channels and masses. In each case, we plot the spectrum for a dark matter lifetime that corresponds to the 95% confidence level upper limit (assuming uncorrelated errors; see in Sec. 2). In Figs. 2-4 we show the contribution to the gamma-ray spectrum from dark matter decaying to quark pairs. In the case of relatively light dark matter particles (m X < ∼ 300 GeV), the spectrum is dominated by prompt emission, while heavier dark matter particles generate large contributions through both Galactic inverse Compton scattering and cosmological cascades. For very high masses (m X > ∼ 1 PeV), the observed emission is almost entirely dominated by cosmological cascades. The spectrum that results from dark matter decays to light quarks peaks at slightly higher energies than in the case of heavy quarks, with spectra from decays to ss and cc (not shown) falling in between these extremes.
As expected, the gamma-ray spectrum is somewhat different in the case of dark matter particles that decay to charged leptons (see Figs. 5-7 ). In the case of decays to τ + τ − , the large branching fraction to final states containing energetic pions leads to a spectrum that peaks at rather high energies, often within an order of magnitude of the dark matter particle's mass. Decays to µ + µ − and e + e − final states produce a gamma-ray spectrum that is dominated by a combination of Inverse Compton emission from the Galactic Halo and cosmological Figure 2 . The contribution to the isotropic gamma-ray background (IGRB) from decaying dark matter, for the case of decays to bb. In each frame, the contributions from the Galactic Halo are shown as dotted and dot-dashed lines, representing the emission from direct production and from inverse Compton scattering, respectively. The dashed lines represent the cosmological contribution, including electromagnetic cascades. The solid lines denote the sum of these components. In each frame, the normalization (and corresponding dark matter decay rate) has been set to the maximum value allowed by out fit (at the 95% confidence level); see Fig. 11 . Note that in the m X = 1 EeV case, the spectrum is almost entirely dominated by the cosmological cascade. cascades [88, 89] . In Figs. 8 and 9 , we show the gamma-ray spectra that result from dark matter annihilating to bosonic final states, W + W − , ZZ, hh or hZ. These spectra generally resemble those predicted in the cases of decay to quark pairs.
Lastly, we consider in Fig. 10 the case of dark matter that decays to a two-body final state that includes one or two photons, leading to the presence of a mono-energetic gammaray line. For dark matter particles with a mass below ∼1 TeV, the decays produce a line feature in an energy range that is directly measurable by Fermi. In this case, the analysis procedure followed here is far from optimal. In particular, such an analysis would ideally be conducted with energy bins that are comparable in size or smaller than the energy resolution of the instrument (see Ref. [8] ). With this in mind, we show results only for the case of heavy dark matter particles, which are constrained in our analysis through the emission produced through cosmological cascades. We note that our ability to constrain such lines is suppressed for masses below several tens of TeV due to the increasingly transparent nature of the universe to gamma rays at these energies.
In Fig. 11 we present our constraints on the dark matter's lifetime, which constitute the main results of this study. Across a wide range of masses and decay channels, we find that we can exclude lifetimes shorter than τ X ∼ (1 − 5) × 10 28 s. This range is reasonably well motivated within the context of decays that might be induced by physics at a high-scale. For example, a process that corresponds to a dimension-6 GUT scale (M GUT ∼ 2 × 10 16 GeV) or Planck scale (M Pl ∼ 2 × 10 18 GeV) operator would lead to a lifetime on the order Figure 5 . As in Fig. 2 , but for the case of decays to τ + τ − . Figure 6 . As in Fig. 2 , but for the case of decays to µ + µ − . Figure 7 . As in Fig. 2 , but for the case of decays to e + e − . Figure 8 . As in Fig. 2 , but for the case of decays to W + W − or ZZ. Figure 9 . As in Fig. 2 , but for the case of decays to hh or hZ. Figure 10 . As in Fig. 2 , but for the case of decays to γγ, γZ or γh.
Traditionally, studies of dark matter have often focused on candidates with masses in the range of ∼MeV to ∼100 TeV. For the case of an annihilating thermal relic, this range is particularly well motivated [90] [91] [92] (see, however, Refs. [93] [94] [95] [96] [97] [98] [99] [100] ). In contrast, there is no clear mass range that is particularly favored by theoretical considerations in the case of decaying dark matter, so we instead chose to consider candidates with a wide range of masses, extending from 10 GeV (corresponding to roughly the minimum mass decaying particle detectable by Fermi) to 1 EeV. We also note that since electromagnetic cascades dominate the emission in the case of a very heavy decaying particle, the constraints on the dark matter's lifetime are approximately independent of mass at m X > ∼ 0.1 − 1 EeV. The limits presented here can thus be applied to decaying particles with masses well above 1 EeV. Lastly, we point out that the results presented in this section can be easily rescaled for the case of multicomponent dark matter. If one considers an unstable particle species that makes up a fraction of the dark matter, f dm , the constraints presented in Fig. 11 will be simply scaled downward by the inverse of this factor.
Comparisons With Other Constraints
A wide range of astrophysical observations have been used to place constraints on decaying dark matter. In this section, we compare the results of this study to the constraints derived X → γγ X → γZ X → γh Figure 11 . Lower limits on the dark matter lifetime (95% confidence level), for a range of decay channels and masses. The solid curves treat the systematic errors (shown as a blue band around the error bars in the preceding figures) as entirely independent and uncorrelated. At the other extreme, the dashed curve has been derived assuming that the systematic errors are fully correlated, moving upward or downward together in unison. Given that the value of the total χ 2 is unrealistically low in the later case (χ 2 = 9.4 or less, over 26 − 1 degrees-of-freedom), we consider the solid curves to represent our primary results.
by other groups, using various sets of data. We begin by comparing our results to other analyses of diffuse gamma-ray data. The most similar work in this respect is that of Cohen et al. [3] , which presents an analysis of the diffuse gamma-ray emission observed by Fermi within 45 • of the Galactic Center, excluding the region within 20 • of the Galactic Plane. The constraints presented here are generally slightly stronger (within a factor of a few) than those of Cohen et al. (for example, compare our Fig. 2 to Fig. 1 of Ref. [3] ), a fact that we attribute primarily to our use of multi-wavelength information to restrict the astrophysical contributions to the IGRB. We also note that by adopting the entire high-latitude sky as our region-of-interest, the results of our analysis are more robust to uncertainties associated with diffuse Galactic backgrounds, the Milky Way's dark matter halo profile, and features of Galactic cosmic-ray transport. Our constraints are also generally more stringent than those presented in Refs. [4] and [13] .
If the dark matter decays to final states that produce a mono-energetic spectral feature (γγ, γZ, γh), the analysis procedure employed here is far from optimal. In Ref. [8] the Fermi Collaboration derived constraints on the dark matter lifetime to gamma-ray lines at a level Figure 12 . Constraints on the dark matter lifetime derived in this study for the case of decays to e + e − (left) or µ + µ − (right) compared to those derived on an analysis of the cosmic-ray electron spectrum as measured by AMS [18] .
of approximately τ X > ∼ 10 29 . Our analysis is only competitive for such final states if the spectral feature in question falls above the energy range measured by Fermi (see Fig. 10 and the lower right frame of Fig. 11 ). We also note that for extremely heavy dark matter particles, m X > ∼ 1 EeV, searches for ultra high-energy photons using extensive air shower experiments can provide constraints that are even more stringent than those presented here [10] .
For dark matter particles which decay or annihilate to charged leptons, strong constraints can in some cases be derived from the cosmic-ray e ± spectrum, as measured by the AMS experiment [18, 101] . In Fig. 12 , we compare the limits derived in this study to those based on the AMS e ± spectrum [18] . In the case of decays directly to e + e − or µ + µ − , the cosmic-ray based constraint is competitive or more stringent for masses less than a few hundred GeV. For all other decay modes we have considered here, the constraints derived from the IGRB are more stringent than those based on the AMS e ± spectrum.
Summary and Conclusion
In this study, we have used the spectrum and intensity of the isotropic gamma-ray background (IGRB) as measured by the Fermi Collaboration [19] to constrain any contribution from decaying dark matter particles, and to place limits on the dark matter's lifetime (see Fig. 11 ). We have included in our calculations contributions from both prompt photon production, and from the inverse Compton scattering of electrons and positions. We have also included the effects of pair production through scattering with cosmological radiation fields, and have calculated the full evolution of the electromagnetic cascades that result from such interactions. We also make use of recent multi-wavelength studies [21, 22] to constrain the contributions to the IGRB from various astrophysical source classes, enabling us to more strongly restrict the presence of any contribution from decaying dark matter particles.
The results described in this paper generally restrict the lifetime of the dark matter to be greater than τ X ∼ (1 − 5) × 10 28 s over a wide range of masses (10 GeV to 1 EeV and above) and decay channels. Over much of this parameter space, these limits are the most stringent presented to date and are quite robust to uncertainties associated with diffuse Galactic backgrounds, the Milky Way's dark matter halo profile, and cosmic-ray diffusion parameters.
